We describe a means for improving the coupling of illumination to, and the collection of scattered radiation from, an optical antenna. This is achieved by integrating optical antennas with concentric ring gratings. Electromagnetic simulations demonstrate that the ring grating improves the coupling to the antenna, even if the incident illumination is focused by an aplanatic lens such as a microscope objective. Dipole radiation from the center of the structure is well collimated. Various aspects of field enhancement and dipole radiation behavior are analyzed. We propose this device for Raman scattering enhancement. 
Introduction
Highly localized and enhanced electromagnetic fields are desirable for surface enhanced Raman scattering (SERS) [1] . One means for achieving this in a reproducible manner is using optical antennas [2] [3] [4] [5] . However, optical antennas are usually much smaller than the focal spots of microscope objectives, especially those with low to moderate numerical apertures (NAs), leaving much of the illumination power not focused onto the optical antenna. We propose a structure, consisting of an optical antenna integrated with a concentric ring grating, which provides a highly enhanced field. The ring grating not only concentrates the illumination at its center, but also collimates the radiation of a dipole located there [6] [7] [8] . Ring gratings have been studied for beam shaping [7, 8] , near field imaging [9, 10] , and localized Raman enhancement [11] . In this paper, we conduct a comprehensive study of the field enhancement and dipole radiation properties of the antenna-integrated-with-ring-grating structure, including the effects of the NA of the lens used to focus light onto, and collect light from, the structure. We consider its application in enhanced Raman scattering.
Concentric ring grating concentrator
The concentric ring grating considered in this paper is illustrated in Fig. 1 . It contains five concentric silver rings on top of a silver plate that contains a hole in the center. The medium surrounding the structure is taken to be free space. The geometric parameters are chosen to be: grating period p 1 = 530 nm, p 2 = 265 nm, h 1 = h 2 = 40 nm, d = 597.5 nm, and radius of center hole r = 200 nm. These parameters are used in all simulations of this paper. The concentric ring grating is designed to concentrate the incident illumination of a plane wave propagating along the + z direction, with its electric and magnetic fields polarized in the xy plane. The optical properties of silver follow a Drude model (plasma frequency is 1.163 × 10 16 rad/s and collision frequency is 1.435 × 10 15 rad/s) in the calculations in this paper, which have been fitted to the data in Ref [12] .
As reviewed in Ref [13] , the dispersion relation of the surface plasmon at the interface between metal and dielectric half-spaces is given by Eq. (1).
In Eq. (1), k 0 is the wave vector in air, ε d is the relative permittivity of the dielectric and ε m (ω) is the dispersive relative permittivity of the metal. For the case of a plane wave normally incident on a flat air-metal boundary, the incident wave has no wavevector component parallel to the boundary, and surface plasmons are not excited. On the other hand, the inclusion of a concentric ring grating with a period of p 1 on the boundary adds a wave vector component k ρ = 2π/p 1 , enabling surface plasmon excitation. For p 1 = 530 nm, taking the optical properties of silver used here, Eq. (1) predicts the excitation of the surface plasmon wave for illumination at λ = 570 nm. To study the field enhancement properties, we perform a numerical simulation of the ring grating using the finite difference time domain (FDTD) method. The simulated structure is situated in free space. This is realized by using perfectly matched layers at the x, y and z boundaries. A uniform mesh size of 4 nm is chosen for the simulations of the concentric ring grating. The incident wave propagates along the + z direction, with the electric field polarized in the x direction and magnetic field polarized in the y direction. The amplitude of the x component of the electric field, normalized to the incident field, at the center of the ring grating is shown in Fig. 2(a) . In the discussion that follows, the "center" of the ring grating or the antenna is point C of Fig. 1(a) . This is at the midpoint, in the xy plane, of the circular rings or the antenna gap, and 20 nm from the origin (see Fig. 1(a) ) in the z-direction. The amplitude peaks for a free space wavelength of λ = 585 nm, where the best concentration is achieved. This deviates slightly from the wavelength predicted by Eq. (1) (λ = 570 nm). Such a deviation is not unexpected, since the grating is placed on a silver plate of a finite thickness (h 2 = 40 nm). In addition to the five ring grating, we also simulate the four ring and the three ring cases. The peak values of the normalized amplitude of the x component of the electric field at the center of the four ring grating and the three ring grating are 5.53 and 4.65, respectively. Both of them are smaller than the peak value of 6.47 achieved by the five ring grating. This indicates that the propagation loss is small enough for the surface plasmon waves excited at the outer rim of the five ring grating to propagate to the center. We will consider the five ring grating in the remainder of this paper. In Fig. 2 (b), the amplitude of the x component of the electric field profile on the top surface of the five ring grating is shown. The field amplitude plotted in Fig. 2 (b) has been normalized to the incident field. At the center of the concentric ring grating concentrator, the y and z components of the electric field are far smaller than the x component, and are therefore not plotted. From Fig. 2(b) , it can be seen that electric fields are enhanced in the hole region. The spot asymmetry follows from the incident electric field being x-polarized. Along the xdirection, the field peaks at the center and at the edges of the hole. For comparison, we conduct an FDTD simulation of the structure without the grating, i.e. a silver plate containing a hole. A field distribution similar to that of Fig. 2(b) results, but with a ~6 fold reduction in the field intensity (square of electric field), is observed for the structure without the grating.
Integration of an optical antenna on the concentric ring grating
As shown in Fig. 3 , we now consider a fan-rod optical antenna, which will be integrated with the concentric ring grating later in this paper. Each half of the antenna consists of a rod and a flared semicircular part. The rod is intended to provide a good confinement of charges at its apex, and the flared section to act as a reservoir of charges [14] . This element combines the advantages of rod and bowtie antennas [3, 5, 14] . In our FDTD simulation, the following geometric parameters are chosen for a silver antenna: g = 10 nm, r' = 30 nm, w = 20 nm, l 1 = 17 nm, l 2 = 33 nm, and θ = π. These are chosen to make the antenna resonant at λ = 585 nm, the same wavelength at which the ring grating of Section 2 achieves peak enhancement. The antenna thickness along the z direction is 40 nm. In the fan-rod antenna simulations, a non-uniform mesh is chosen, with a spacing of 2 nm for the antenna and its vicinity, and 4 nm for other regions.
As shown in the inset of Fig. 4(a) , the fan-rod antenna is positioned in the center hole of the ring grating. In the simulation, the incident wave propagates along the z direction with its electric field polarized in the x direction and its magnetic field polarized in the y direction. The normalized intensities of the x component of the electric field (E x 2 ) at the center of the structures are shown in Fig. 4(a) , for a single antenna and for an antenna integrated with a ring grating. The field intensity at the center of the optical antenna is enhanced 1.19 × 10 3 times by a single antenna, and is enhanced 4.46 × 10 4 times by an antenna integrated with a ring grating, at the resonant wavelength of λ = 585 nm. This is due to the plane wave illumination being concentrated by the ring grating to its center hole, where the antenna is located. A plot of the instantaneous x component of the normalized electric field E x on the antenna surface for illumination at λ = 585 nm is shown in Fig. 4(b) . The field intensity is highly localized in the antenna gap and greatly enhanced, which is favorable for SERS.
In the above analysis, we have calculated field enhancement under plane wave illumination, an assumption employed almost universally in optical antenna analysis (e.g [2] [3] [4] [5] .), with a few exceptions [15] [16] [17] . Typically, however, an aplanatic lens, such as a microscope objective, would be used to focus light onto the antenna. An interesting question is therefore the effect of focused illumination on the field enhancement achieved both in the single, isolated antenna case, as well as the antenna integrated with the grating. This is considered in Section 5.
Directionality enhancement
In order to collect the Raman scattering signals efficiently it is favorable to collimate the Raman scattering into a small solid angle. In this section, we show that the Raman scattering from molecules on an antenna integrated with a concentric ring is well collimated, which improves the effective Raman scattering enhancement factor. For simplicity, we consider the molecules to be placed in the gap of the optical antenna.
A point dipole is used in our simulations to model the Raman scattering molecule. We have conducted simulations for the case of a point dipole at the center of a fan-rod antenna, and for the case of a point dipole at the center of a fan-rod antenna integrated with a concentric ring grating. The point dipole is polarized along the x direction and has the same dipole moment in both simulation cases. The far field radiation patterns in the yz plane and the xz plane are shown in Fig. 5 for a dipole whose free space wavelength is λ = 585 nm. Figure 5 shows that the radiation from a point dipole located at the center of the fan-rod antenna is more collimated into the -z direction when the antenna is integrated with a concentric ring grating. This is a reciprocal process to the ring grating's concentration of plane wave illumination into a small spot. It is interesting to notice that the radiation into the -z direction from the antenna-integrated-with-ring-grating structure is much stronger than into the + z direction. The rings function as an array of scatterers that collimate the radiation from the point dipole. The collimated radiation has a 3dB angle-width of 8.5° in the yz plane and 4.5° in the xz plane, while without the ring grating the radiation is spread into a wider range of angles. Without the ring grating, the power density varies by less than 3dB for observation points in the yz plane (Fig. 5 (a) ), and a 3dB angle-width of 87° in the xz plane is predicted (Fig. 5 (b) ). In order to understand the effect of the radiation pattern upon the collection efficiency achieved in an experiment, it is necessary to consider the NA of the collection lens. The collection efficiency in this paper is defined as the power collected by the objective divided by the total power radiating from the structure. The power radiated by the dipole but absorbed by metal is not included in the total radiation power for the determination of collection efficiency. If we use a microscope objective of NA = 0.7 to collect the radiation, the collection efficiency is 69.7% for a dipole located at the center of the fan-rod antenna integrated with a ring grating, while the collection efficiency is only 29.8% without the ring grating. The latter is very close to the expected collection efficiency for a point dipole radiating into free space. In Table 1 , the collection efficiencies for a dipole located at the center of the fan-rod antenna integrated with and without the concentric ring grating with collection lenses of different NAs are listed. As we discuss further below, however, integration of the antenna with the ring grating increases the collected power more than the ratio of the collection efficiencies of Table 1 . This is because the total radiated power is increased by the integration of the antenna with the ring grating. From Table 1 , it can be seen for low, medium and high NAs, collection efficiencies are improved by the concentric ring grating. Indeed, the collection efficiency with the grating structure using a low NA lens (0.1) is superior to that without the grating with a high NA lens (0.7). 
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A dipole with a given dipole moment can radiate more power when placed in an antenna's vicinity, a phenomenon known as the Purcell effect [18] . The power intensity radiating into the -z direction, i.e. into a direction opposite to that of the illumination, is enhanced 1.19´10 3 times for the fan-rod antenna compared to the radiation from the same dipole in free space. Similarly, for a fan-rod antenna integrated with the ring grating, the enhancement is 4.37´10 4 times. These enhancement factors are in good agreement with the field intensity enhancement factors simulated found in Section 3 for the case of incident waves in the + z direction. This is expected from the reciprocity theorem [19] , because the dipole couples to the external optical mode with the same strength as the external optical mode excites the dipole. The total radiation power from the antenna-only structure is enhanced 1.19´10 3 times. That this is the same factor as the -z direction intensity enhancement is due to its radiation pattern being very close to that of a point dipole in free space. The total radiation power from the antenna-grating structure is enhanced 2.03´10 3 times, compared to a dipole in free space. That this is smaller than its -z direction intensity enhancement is due to its radiation into wider angles being weak. As noted above, the improvement that comes through the integration of the antenna with the ring is not the ratio of the collection efficiencies of Table 1 . Rather, one needs to take into account the fact that the total radiation power is ~1.7 times larger for the antenna-ring structure than the antenna-only structure. In addition to predicting performance, the calculations permit us to interpret the role of the grating. The intensity at the center of the antenna under external illumination at normal incidence is ~38 times larger for the antennaring structure than the antenna-only structure. That this is much larger than the increase in radiation power indicates that the ring grating is more of a concentrator than a resonator.
Raman scattering enhancement
We now calculate the enhancement in the collected SERS signals that should result from use of the antenna-only and antenna-ring structures. We consider Raman scattering from a molecule at the center point of the structure, i.e in the antenna gap. For simplicity, we assume both the illumination and the Raman scattering are at the resonant wavelength of 585 nm, i.e. that the Stokes shift is zero. The enhancement factors we calculate are comparisons between the collected SERS signals from a molecule in the antenna-only or antenna-ring structures to those from a molecule in free space, with illumination and collection optics unchanged. A common approach for calculating SERS electromagnetic enhancement factor is to take it as the fourth power of the electric field enhancement under plane wave illumination. This assumes plane wave illumination and collection, i.e. that the NA of illumination and collection optics approach zero. Rather than using this approach, we instead calculate SERS electromagnetic enhancement factor using the following equation which accounts for the NA of illumination and collection optics: 
The first term in parentheses is the ratio of the intensity (square of electric field) of illumination at the dipole position in an antenna-only or antenna-ring structure to the intensity of illumination at the dipole position in free space. For calculating each of these intensities, focused illumination with a given NA is employed, as described below. The second term in parentheses is the ratio of the power radiated by a dipole with a given dipole moment in an antenna-only or antenna-ring structure to that radiated when the dipole is in free space. The third term in parentheses is the ratio of the collection efficiencies at a given NA for a dipole in an antenna-only or antenna-ring structure to that for a dipole in free space.
To calculate the first term in parentheses of Eq. (2), we employ the vector diffraction theory of Richards and Wolf [20] that describes a method by which the fields at the focus of a lens illuminated by a plane wave can be found. Because we consider a dipole oriented in the x ~3.2 times, respectively. That the improvement arising from the use of the grating is greatest at low NA is due to the fact that the additional focusing it provides is most advantageous when the illumination is weakly focused and the collection angle is small. It is interesting to note that the enhancement factor for the antenna-only structure is not affected by the NA. This is due to the fact that, like the molecule being modeled, the far-field radiation pattern of the antenna is almost identical to that of a point dipole. The first term in parentheses of Eq. (2) is therefore not affected by the NA. The second term does not depend on the NA. The third term is close to unity because of the fact that the radiation patterns of the dipole in free space, and the dipole in the antenna are almost identical.
As described above, the integration of the antenna with the grating improves performance by concentrating the input illumination to improve excitation, and collimating the Raman scattering to improve collection efficiency. Despite minor improvements with high NA lenses, gratings are more versatile and less expensive than high NA glass lenses. Thus far, we have considered an antenna with its dipole moment in the plane of the substrate. Another interesting possibility is discussed in the following paragraph.
The field intensity and the Purcell effect, and consequently the Raman enhancement factor of the antenna, increase significantly with shortening the gap. While a 10 nm gap is about the limit of planar lithographic techniques, such as electron beam lithography and focused ion beam modification, it is easy to achieve a distance of less than 1 nm in the vertical direction between the tip of an atomic force microscope and a planar surface. It is interesting to consider whether one could perform tip-enhanced Raman scattering (TERS) with molecules at this position [21] . In TERS experiments, it is necessary to ensure that there be an appreciate component of the electric field along the tip axis for field enhancement. A spiral ring device could offer a means for optimizing this. Using spiral rings, as distinct from the concentric rings considered in this paper thus far, an electric field polarization vertical to the substrate can be achieved at the center of the pattern [22].
Conclusions
We have conducted a theoretical study on the use of concentric ring gratings to improve the performance of optical antennas for SERS. Improvements to the excitation intensity, radiated power and collection efficiency were considered for different values of NA. The results revealed that the grating is predicted to improve the SERS enhancement factor by close to two orders of magnitude at low NA (0.1), close to an order of magnitude at moderate NA (0.4), and by several times at high NA (0.7). We anticipate that both the results and calculation methodology we introduce here could serve as a powerful approach toward the design of structures for improving the SERS performance of optical antennas.
